Background: X-linked hypophosphatemia (XLH) is the most common form of familial phosphate-wasting disorders, due to an inactivating mutation in the phosphate-regulating neutral endopeptidase, X-linked gene. Persistent osteomalacia, enthesophytes, osteophytes, degenerative arthritis and dental abscesses/periodontal disease dominate the adult disorder. However, the impact of insufficient phosphate on hydroxyapatite composition, the major inorganic component of bone and teeth, is unknown in individuals with XLH. Methods: Using Raman spectroscopy, the carbonate (CO 3 2− ) to phosphate (PO 4 3− ) ion ratio was measured in HYP and wild-type mice and in primary and permanent teeth from XLH individuals and unaffected controls. Results: There was a significant difference in carbonate ion substitution between the HYP and wild-type femoral cortical bone (0.36 ± 0.08 versus 0.24 ± 0.04; p < 0.001). Carbonate ion substitution levels were also higher in permanent XLH teeth compared with unaffected individuals (0.39 ± 0.12 versus 0.23 ± 0.04; p < 0.001), but not in primary teeth (0.29 ± 0.11 versus 0.26 ± 0.02; p = 0.29). Complementary Fourier transform infrared analyses demonstrated higher relative intensities of the four major vibrational bands originating from the carbonate anion in XLH teeth compared with unaffected controls. Conclusion: Ionic substitution within the crystal lattice is a common feature of hydroxyapatite and one that confers the physiological properties of bone that impact mechanical strength and the process of bone remodeling. Our data demonstrating anionic substitution in human dentin from individuals with XLH validate the use of dentin as a proxy for bone and to better understand the molecular adaptations that occur in the biochemical milieu of XLH.
Introduction X-linked hypophosphatemia (XLH) is a familial phosphate-wasting disorder characterized by childhood rickets and osteomalacia, with osteomalacia persisting throughout adulthood. 1 XLH arises as a consequence of an inactivating mutation of the PHEX (phosphate-regulating endopeptidase homolog, X-linked) gene which, for reasons that are still not entirely understood, results in elevated levels of the circulating hormone, fibroblast growth factor-23 (FGF23). FGF23 is a phosphatonin that regulates renal phosphate handling, mediating the excretion of phosphate in the maintenance of normal serum phosphate levels. 2, 3 In addition, FGF23 also negatively regulates 1,25-dihydroxyvitamin D biosynthesis by inhibiting 1a hydroxylase (CYP27B1) and promotes its catabolism by activation of 24 hydroxylase (CYP24A1). 4 Elevated levels of FGF-23 create inappropriate phosphaturia leading to physiologically low levels of circulating phosphate. Loss of phosphate has been associated with multiple impairments including tibial bowing, abnormal gait, bone pain, tinnitus and vertigo and impaired growth secondary to a rachitic growth plate. 5 In addition to persistent osteomalacia, other comorbidities of XLH include enthesophytes, osteophytes, degenerative arthritis, and dental abscesses, decay, and periodontal disease. [6] [7] [8] The mineral composition of bone is a form of hydroxyapatite, an inorganic calcium phosphate mineral with the stoichiometric unit cell formula Ca 10 (PO 4 ) 6 (OH) 2 . Apatite is considered the mineral reservoir of the body and it is estimated that more than half of all the elements of the Periodic Table can be stably incorporated in it. 9 These regularly occurring ionic substitutions have critical effects on mineral properties such as mechanical strength, brittleness, crystallinity, and solubility. 10 In biological tissues, such as bone and dentin, the most abundant substitution is carbonate (CO 3 2− ), with normal bone containing 2-8 wt%. 11 Carbonate can be accommodated at two sites in the crystal structure: A-type replaces the hydroxyl group (OH − ) and B-type the phosphate group (PO 4 3− ). Even though high temperatures are required for A-type substitution in synthetic apatites, bone and dentin are mixtures of A and B-types. 12 Carbonate in the apatite structure is responsible for a decrease in the degree of crystallinity, weakening the bonds and increasing the mineral solubility. 9, 11, 13 The crystal structure of hydroxyapatite with a single phosphate-to-carbonate substitution (along with two typical vacancies that form to balance the resulting cationic charge excess -Ca 2+ and OH − ) is shown in Figure 1 . Substitution is shown in the center, along with two typical vacancies forming to balance the resulting cationic charge excess: Ca 2+ and OH − . Different ionic elements are represented with different colors: columnar, Ca1 calcium in green, hexagonal, Ca2 calcium in yellow, hydroxyl in magenta, phosphate in blue, and carbonate in gray. Red arrows indicate that these ions will be removed, and vacancies formed with carbonate substitution.
The dentin matrix of teeth is analogous to the extracellular matrix of bone including the inorganic hydroxyapatite composition and organic extracellular matrix proteins. 14 Tooth development involves formation of both primary and permanent teeth. Primary teeth develop in a two-fold manner. The tooth crown is developed in utero and the root develops after birth. The permanent tooth structure begins initial calcification at 3 months postnatal with crown development occurring between ages 4 and 8 years. Odontogenesis and osteogenesis follow a similar process of mineralization with defects in mineralization not only affecting the integrity of bone, but teeth as well. 15 However, the impact of insufficient phosphate on hydroxyapatite composition, the major inorganic component of bone and teeth, is unknown in individuals with XLH.
Previously, we have shown that the ratio of phosphate-to-carbonate ion substitution in cortical bone mineral matrix is potentiated in HYP mice, a murine model of XLH. 16 However, a major obstacle to the study of human apatite in XLH is the need for tissue. Here, using tooth dentin as a proxy for bone, we test the hypothesis that this phenomenon is reproduced in individuals with XLH as a consequence of phosphate-wasting.
Materials and methods

Tooth sample collection
Human teeth were collected to measure carbonate ion substitution in hydroxyapatite from individuals with XLH or unaffected controls. This study was granted exemption from review by the institutional review board at Yale University School of Medicine (HIC protocol #1403013639) in accordance with federal regulation 45 CFR 46.101(b)(4), which covers research involving the collection or study of existing data, documents, records, pathological specimens, or diagnostic specimens, if these sources are publicly available or if the information is recorded by the investigator in such a manner that participants cannot be identified, directly or through identifiers linked to the participants. No identifiers were collected for this study and coding was used to link the anonymous samples to the anonymous data. Inclusion criteria for submitting teeth was a confirmed diagnosis of XLH either based on the clinical validation (physical exam, blood chemistries, diagnostic imaging and family history) or by genetic testing of the PHEX gene. All children in this study (7/7) had confirmed genetic testing of the PHEX gene while adult participants were diagnosed either by clinical validation (6/9) or genetic testing. In contrast to primary maxillary and mandibular tooth calcification in humans, which begins within a range of 14-19 weeks in utero, permanent teeth undergo mineralization entirely during the postnatal period 17 during which hypophosphatemia persists despite therapy. All study participants with XLH were treated during childhood and treated until growth plate closure. Adult management, for which there is no current consensus, was initiated in all patients only during symptomatic periods of pain related to osteomalacia and microfracture. Therapeutic goals in both populations are not to restore serum phosphate levels to a normal range, because of the significant risk of soft tissue calcification. 5, 18 Primary teeth (male and female) were obtained and all were a consequence of normal deciduous tooth loss. Adult teeth (male and female) were collected as a consequence of tooth extraction. There was little variability in carbonate ion substitution between sexes in our relatively small sample size for each group (control and XLH) so data were combined. Primary teeth were collected from seven different individuals diagnosed with XLH (n = 7, 8.9 ± 1.7 years) and individuals from the unaffected control population (n = 5, 8.4 ± 1.1 years). Extracted permanent teeth (molars and canines) were collected from individuals diagnosed with XLH (n = 9, 46.9 ± 8.6 years) and individuals from the unaffected control population (n = 5, 53.5 ± 10.2 years). Teeth were embedded in methyl methacrylate, cut longitudinally, and crown dentin analyzed by Raman spectroscopy, as described.
HYP and wild-type littermate mice
Mice were fed standard chow ad libitum and tap water. All mice (n = 4/group) were maintained in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals and procedural protocol was approved by Yale's Institutional Animal Care and Use Committee. Female mice were sacrificed at 5 months of age, the femora were harvested, cleaned of soft tissue, embedded in (poly)methyl methacrylate (PMMA), cut longitudinally, and mid-diaphysis cortical bone was analyzed by Raman spectroscopy as described below.
Matrix chemical composition determined by Raman spectroscopy
Mineral substitutions into the hydroxyapatite lattice are important to crystal size, density, and solubility and abnormal bone mechanical properties have been correlated with abnormal carbonate content, an anionic substituent of phosphate, in bone and in metabolic bone disorders. [19] [20] [21] [22] [23] [24] Raman spectroscopy was performed, as previously described. 16 Briefly, a Horiba HR800 Raman microspectrometer equipped with an Olympus BX-41 light microscope and 100 × objective was used to examine spatially resolved, distinct areas of teeth in order to determine the compositional variations of the mineral within single tooth and between teeth of individuals with XLH and controls. A 532 nm Nd-YAG laser was used for the analysis (30 s integrated 10 times), however, the bone and dentin samples are sensitive to the laser at this wavelength, therefore a 0.6 optical density filter was placed into the laser light path before passing through a 300 µm confocal hole to lower the laser power impacting the sample. The surface of the sample cross section was imaged using the incorporated optical microscope before and after the measurement to ensure that no laser-induced burns occurred on the sample surface during the spectrum acquisition. After the light was backscattered from the sample it passed through a 200 μm slit before being dispersed on a 1800 grooves/mm grating and analyzed using a charge coupled device detector. All spectra were collected at room temperature. Between one and four maps per tooth of the dentin in the crown of the tooth were taken using a 4 × 4 grid of 16 points. The spot size of the laser beam with the 100× objective lens was ~1 µm, therefore a step size of 3 µm was used between each spot analysis in the map grids. The total size of each map was 13 µm ×13 µm. To minimize the time associated with the laser exposure of the bone tissue, each spectrum in the mapped sites was acquired only in the spectral region of interest between 800 and 1200 cm −1 . The bands in the corrected bone spectra were subsequently fit using eight peaks: 925, 948, 960, 1003, 1025, 1045, 1070 and 1100 cm −1 , to evaluate the contribution of the carbonate and phosphate from the bone samples, as described previously by Awonusi and colleagues. 25 Dentin was discriminated from enamel based on the absence of a band at 1003 cm −1 in enamel corresponding to the most intense collagen peak in our spectral region of interest. [25] [26] [27] Data were collected and analyzed using Labspec 5 software (Edison, NJ, USA). Synthetic standards of B-site-substituted carbonated hydroxyapatite provided and previously analyzed by Prof. Yoder, Franklin and Marshall College, USA, 19 were also analyzed for comparison. The background was removed followed by de-spiking (removal of artifacts) and smoothing (for better visibility of individual peaks). Spectra with fluorescent background were removed using a linear fit of the spectral region of interest, spectra with high fluorescent background were not used for further data analyses. Overall, eight peaks were fitted at the positions mentioned previously. The eight peaks were then fixed in those positions where a fitting algorithm was applied that combines Gaussian and Laurencin bell curves with 1,000,000 repetitions. Fitting was repeated until the error (a least-squares sum) was minimized.
Fourier transform infrared (FTIR) analysis
FTIR analysis was performed on powdered dentin obtained from the primary teeth of individuals with XLH and healthy controls. The powdering process involved manually scraping the material off the dentin slices or whole teeth with a razor blade. Analysis was done on a Bruker Alpha Platinum attenuated total reflection (ATR) spectrometer with a single-reflection diamond/WC composite ATR module, in the 4000-400 cm −1 wavenumber range and with the spectral resolution of 2 cm −1 . Integrated intensities of the bands were measured by calculating a background function and deconvoluted peak profile using an automated Gaussian-fitting routine (OriginPro 2018, Northampton, MA, USA). The integration time was circa 1 s and no smoothing functions were applied prior to integration. Acquisition of spectra was repeated with duplicate samples to ensure reproducible results.
Statistical analysis
All statistical analyses were performed using SPSS software (IBM, New York, NY, USA) and data are presented as mean ± standard error, with significance indicated at p ⩽ 0.05.
Murine bone samples. Statistical significance between HYP and wild-type was determined using a Student's t-test.
Tooth sample analysis. To compare the carbonate-to-phosphate ratio of teeth between XLH and controls, a linear mixed model with a fixed effect for group and a random subject intercept was used. To assess how much of the overall variability in the carbonate-to-phosphate ratio was attributed to varying readings of the same tooth (within-subject), as opposed to measurements between teeth from different patients (betweensubject), a linear mixed model was used to estimate the proportion of total variance that was attributed to the within-subject variability.
Results
As can be observed in Figure 2 (a), dentin and enamel produce distinctly different Raman spectra due to the presence of the organic collagenous matrix in dentine, similar to that observed in bone. 15, 28 The vibrational modes associated with the organic matrix result in multiple additional bands in the spectral region between 2000 and 3500 cm −1 and as shown in Figure 2 (b), bands close to 800 cm −1 and a distinct band at 1003 cm −1 . 29 As the collagen band at 1003 cm −1 is within our spectral region of interest, this band was used to differentiate between enamel and dentine sampling areas in the Raman spectra. The most prominent bands observed in the spectrum of hydroxyapatite were different modes of the symmetric, nondegenerated P-O stretch of the PO 4 3− ion tetrahedron, ν1, spectra at 948 and 960 cm −1 . Incorporation of carbonate into the mineral hydroxyapatite structure of synthetic carbonated hydroxyapatites [ Figure 2 (c)] results in an increase in the 1070 cm −1 band intensity, which is associated with the ν 1 symmetrical carbonate stretching mode. 30 Thus, the ratio of carbonate ν 1 to phosphate ν 1 band areas in abiotic standards were used to compare with the ratio calculated from our biological samples, as described by Awonusi and Penel. 25, 30 This also allows us to compare between different samples as absolute values cannot be compared across samples because the intensity of spectra is dependent on the laser intensity, amount of material analyzed within the laser spot, and the Raman scattering efficiencies of the molecular groups. Carbonate-phosphate ratios observed in HYP and wild-type femurs (Figure 3) show that relative to control mice, HYP mice had a significant increase in carbonate ion substitution in cortical bone (0.36 ± 0.08 versus 0.24 ± 0.04; p < 0.001).
To determine whether carbonate ion substitution similarly occurred in mineral samples obtained from individuals with XLH, Raman analysis was performed on human tooth dentin. Despite the physiologic differences in turnover between bone and tooth dentin, the composition of dentin hydroxyapatite, within a type-1 collagen matrix, serves as an ideal proxy for studying mineralization in human subjects due to the lack of availability of XLH patient bone samples. 14, 31 We compared both primary and adult permanent teeth between control and affected populations (Figure 4 ). Odontogenic mineralization of primary teeth occurs during a fixed period of time in utero, yielding insight into whether the aberrant maternal mineral status of XLH impacts mineralization of the developing fetus. Analysis of primary teeth revealed no statistically significant difference between individuals with XLH compared with unaffected controls (0.29 ± 0.11 versus 0.26 ± 0.02; p = 0.29). In contrast, comparison of permanent teeth in patients with XLH, compared with unaffected controls, revealed a statistically significant increase in the amount of hydroxyapatite carbonate ion substitution (0.39 ± 0.12 versus 0.23 ± 0.04; p < 0.001). The variability of carbonate ion substitution was also assessed within each XLH permanent tooth sample and compared with the variability of carbonate ion substitution between individual patient tooth samples. Variability within each tooth sample was equivalent to variability between patients (variances: 0.0099 ± 0.0010 versus 0.0093 ± 0.0040, respectively), suggesting that variation in levels of carbonate substitution is intrinsic to the disease and not primarily a function of the differences that exist between individual environmental factors.
The complementary qualitative FTIR analysis demonstrated a more pronounced upshift shoulder of the triply degenerated asymmetric stretching mode of the P-O bond, ν 3 , in the XLH dentin samples compared with the healthy control [ Figure 5(a) ]. The intensification of this shoulder in the 1070-1090 cm −1 region, which is due to the symmetric stretch of the carbonate ion, ν 1 , confirms the greater degree of phosphate-to-carbonate substitutions in the XLH individuals compared with the wild-type controls. Given that the maximum of this band was detected closer to 1080 cm −1 than to 1110 cm −1 , it indicates that the carbonated apatite in both types of samples is, expectedly, B-type, where carbonate ions substitute phosphates and not channel hydroxyls. 12 In addition, this carbonate band becomes broader in XLH, suggesting a lesser degree of order in the carbonate ion environment, being consequential to higher degrees of substitution and lattice strain. The splitting of the triply degenerated bending mode, ν 4 , of the O-P-O bond, with the theoretical maxima at 601, 575 and 561 cm −1 , is further indicative of a change in the long-range ordering of the phosphate anion in the XLH dentin accompanying the carbonation of the structure [ Figure 5(a) ]. The same effect can be observed from the higher intensity ratio between 880 and 872 cm −1 bands of the ν 2 (CO 3 ) doublet in the XLH samples [ Figure 5 (b)], indicating a greater, albeit finite degree of substitution of OH − (A-type) lattice sites by the carbonates in apatite. 12 Namely, increased carbonate presence induces lattice distortion, enabling the carbonates to begin to partially occupy the hydroxyl channel sites, an effect that is minimally present at low carbonate contents and in the absence of the thermal treatment.
Similar intensifications of carbonate bands in the XLH dentin were detected for the ν 4 (CO 3 ) mode peaking at 755 cm −1 and to some extent for ν 2 (CO 3 ) mode peaking at 872 cm −1 [ Figure 5 Full-widths at half-maximum (FWHM) of solid state vibration modes in apatites is widely accepted to be inversely proportional to crystallinity and although the effect is most easily observed on the most intense, 960 cm −1 v 1 symmetric stretching mode of the phosphate ion, 22 the other three major phosphate bands, v 2 , v 3 and v 4 , can be used for the same correlation. 32, 33 The analysis of the vibration band halfwidths showed the broadening of three of the four major phosphate bands in XLH dentin (ν 1 , ν 2 and ν 4 ), indicating lesser crystalline symmetry resulting directly from the lattice disordering due to carbonate substitutions and the formation of paired Ca 2+ −OH − vacancies accompanying these substitutions [ Figure 6(a) ]. However, the analysis of the ratio of absorptions at 1020 and 1030 cm −1 , directly proportional to the crystallinity index of the material, 34 did not result in a difference between the XLH sample and the control (1.081 ± 0.124 versus 1.078 ± 0.004, respectively). In turn, the observed splitting of the bending mode of the phosphate anion in the 500-620 cm −1 range into more distinct transverse and longitudinal components suggested an even higher crystallinity of the XLH sample. 35 This effect cannot be explained as the result of the sole effect of carbonate-to-phosphate substitution on the crystalline order, but may be biological in origin, presumably involving a reduction in the amount of amorphous apatite in the XLH dentin. Amorphous apatite is known to be a precursor for the mineralization of apatite 36 and its amount drops with age, 37 entailing the reduction in the remodeling and remineralization capacity of the tissue. One such intrinsic induration of the mineral can be responsible for causing some of the pathological conditions associated with the XLH. To check for the possible contributions from the underlying bone matrix bands, the intensity ratio between amide I and amide II bands in XLH samples and controls and their halfwidths were analyzed. Although the intensity ratio between amide I and amide II bands originating predominantly from the carbonyl stretching vibration in peptide bond groups and the coupled N-H bend and C-N stretch, respectively, was the same for both the XLH dentin and the control, both bands adopt a ruffled profile in the XLH samples [ Figure 6(b) ]. The bands split into a fine structure and broaden in the process, suggesting the possibility that there is some level of structural distortion of the organic matrix in the XLH samples accompanying the aforementioned mineral effect.
Discussion
Using a murine model of XLH, we have found that cortical bone apatite analyzed by Raman spectroscopy in HYP mice has a significant increase in carbonate ion substitution compared with wild-type mice (Figure 3 ). In addition, our previous studies using FTIR analysis showed that collagen crosslinking, mediated by lysine and hydroxylysine residues, is equivalent in both HYP and wild-type mice. 16 The synthesis of apatite is dependent upon the collagen matrix and fibril crosslinking, with nucleation occurring within the 40 nm wide overlapping fibril gaps before proceeding along the long axis of the collagen fibril. [38] [39] [40] Thus, the primary influence on the structural changes of apatite in HYP mice is most likely dependent upon phosphate-wasting and not on intrinsic abnormalities of the collagen matrix.
Murine bone hydroxyapatite shares significant similarities to human bone and dentin hydroxyapatite. 14, 41 However, the ability to obtain bone tissue from patients with XLH limits the study of mineral apatite in the context of a phosphate-wasting disorder in humans. In addition, during development and as a consequence of bone remodeling and aging, bone composition, including carbonate substitution and crystal maturity varies. 10, 34, [42] [43] [44] [45] In contrast, the use of mature dentin as a model that does not undergo remodeling 46 allows us to capture the composition of a collagenous mineralized matrix in the context of a phosphate-wasting disorder.
Therefore, we employed the use of tooth dentin apatite obtained from individuals with XLH to serve as physiological proxy for bone because it is structurally analogous to bone apatite in several important ways. 9, 47 Both apatites display similar crystallite size; both exhibit a relative lack of hydroxylation within the perpendicular channel of the unit cell hexagons; and both display a similar degree of naturally occurring carbonate ion substitution. The use of dentin as a bone equivalent is also validated by the similar particle shape and ordering of the mineral phase within the collagenous matrix in the two tissues at the nanoscale level. 9, 48 Because there was little variability in carbonate ion substitution between sexes (control and XLH) data were combined. The small sample size represents a potential limitation of the study and sex differences may become apparent in a larger trial.
Vibrational spectroscopies, such as Raman spectroscopy and FTIR, detect the vibrational modes related to different molecular groups within a material. Band positions and overall band shape are sensitive to changes in nearest neighbor composition and the site symmetry of the molecular group, respectively, allowing these techniques to be used to characterize changing parameters associated with materials, for example, the mineral phase present in bone and teeth. While Raman active modes exhibit a change in the polarizability of the molecular group, FTIR active modes exhibit a change in the dipole moment, implying the commonly observed inverse proportionality between the intensity of FTIR and Raman bands, the reason for which both of these spectroscopic techniques were employed in this study. Vibrational spectroscopy analysis of tooth dentin indicates a significant increase in carbonate ion substitution in apatite of adult XLH tooth samples, but not in primary teeth, the crowns of which develop in utero (Figure 4) . 15 This observation is consistent with our previous finding that maternal adaptations occur to meet the mineral demands of pregnancy and lactation in HYP mice. 16 This also aligns with findings that FGF23 does not cross the placental barrier in HYP mice, and that the skeleton of affected offspring is phenotypically indistinguishable from wild-type littermates. Phosphatewasting ensues shortly after birth, reflective of elevated FGF23 levels and inhibition of renal tubule expression of sodium phosphate symporters. 16, 49, 50 However, because dental abscesses occur during childhood in primary teeth, these data suggest that mineral defects other than anionic substitution, such as dental pulp necrosis and abnormal mineralization, are contributing factors to pulp infection during childhood. 18, 51 In contrast, carbonate ion substitution is significantly increased in permanent tooth dentin of adults with XLH relative to unaffected adults (Figure 4 ), the postnatal period during which adult tooth development occurs in a phosphatewasting environment. While we also observed areas of hypomineralization in human XLH dentin 14 by von Kossa staining (data not shown), abscess formation may additionally be potentiated in the adult by carbonate ion substitution and increased dissolution rates, as discussed below, in response to oral acid exposure.
Bone apatite is distinctly different from its geological counterpart, exhibiting a platy or platelike habit rather than hexagonal, the preferential growth direction dictated by collagen. 48, 52, 53 Similarly, its size is restricted to the nanometer scale, 48 potentially due to limitations in the maturation of apatite. This produces a material that is more easily resorbable, making it functionally adapted to the process of continual bone remodeling. 54 In addition, the structure of the apatite mineral system, which includes hydroxyapatite, enables it to incorporate a large range of different elements and molecular groups through substitution. At the elemental level, stoichiometric hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) nanocrystals would be predicted to have a Ca/P molar ratio of 1.67. 55 However, this ratio is lower in bone as the result of cationic substitutions that exceed the anionic substitutions for phosphate. With the inverse proportionality between the Ca/P molar ratio and the solubility of calcium phosphates 56, 57 increased resorbability is expected to result from one such stoichiometric change. Conversely, while a number of cations substitute calcium, the most common physiological anionic substitutions in biological hydroxyapatites, including bone and dentin, is anionic, specifically phosphate-to-carbonate, with an estimated occurrence of approximately 2-8 wt.% in healthy bone. 13, [58] [59] [60] Incorporation of divalent carbonates in place of trivalent phosphates typically creates calcium vacancies in the lattice, which leads to the accumulation of defects and a corresponding decrease of crystallinity and an increase of microstrain, 61 which increases the solubility and makes the material more prone to resorption. In both murine and human samples, the symmetric C-O stretch, ν 1 , of the carbonate ion was resolved at 1070 cm −1 , indicating B-type substitution of the carbonate ion in bone and dentin. Only minor contributions of the ν 1 (carbonate) band at 1100 cm −1 was observed, indicating that A-type substitution is minimal, consistent with other spectroscopic studies of bone and dentin. 9, 58 The functional impact of carbonate substitution for phosphate on the structure of apatite and increased dissolution rates during normal bone remodeling can be considered in the context of differences in charge and atomic radii between the two anions. First, unlike phosphate, carbonate is a planar ion, second, carbonate is significantly smaller than the phosphate ion, as its radius equals 178 pm compared with 238 pm for phosphate. Further, the charge of the carbonate ion is less than that of the phosphate anion necessitating paired substitution to maintain charge neutrality within the crystal structure (Figure 1) . 62, 63 In addition, recent studies investigated the physiologic response to higher carbonate substitution using synthetic biomaterials with varying amounts of carbonate and revealed that higher carbonate content resulted in increased RANKL secretion and osteoclastogenesis. 11 In light of our data, the structural disorder brought about by additional increases in carbonate ion substitution in XLH would be predicted to further lower the interfacial energy of the material and the barrier for dissolution and growth, with enhanced bone mineral loss. 60 Hence, changing the chemistry of bone mineral materials has important consequences for its stability and the chemical feedbacks occurring within the bone system. Interestingly we found that carbonate ion substitution increased in both wildtype and HYP mice during lactation, the period of highest skeletal mineral demand in females. 16 It is conceivable that an increased solubility of apatite resulting from its carbonization facilitates further ion release and exchange to satisfy the increased mineral demand of the organism under physiological maternal conditions. The resorption of a carbonate-enhanced apatite may also contribute to the highest reported rates of bone turnover in females, which occurs post-lactation, to restore skeletal mineral to pre-pregnancy levels. 64, 65 In summary, we demonstrate changes in the stoichiometry of mineral in human dentin apatite obtained from individuals with XLH, serving as a proxy for bone. These studies show that, similar to HYP mouse bone, carbonate ion substitution is higher in individuals with XLH. The introduction of additional carbonate into apatite would presumably decrease crystallinity and further increase the level of mineral structural instability, representing an additional challenge in the management of the comorbidities of mineralized tissues associated with phosphate-wasting disorders, 7, 16, 54, 66, 67 including the significant number of dental abscesses without caries in the acid environment of the oral cavity. 5, 14, 18 The use of adult XLH teeth as a proxy for bone for the study of hydroxyapatite 31 will enable a more comprehensive study of the mineralized matrix in a phosphate-wasting disorder and will also facilitate a better understanding of the forces that regulate the known phenomena of ion substitution in biological apatite. Future studies should focus on determining the degree of molecular adaptation that might occur, including the introduction of ionic vacancies and hydrogen-bonding bridges. Tooth as a bone equivalent will also be useful to determine the impact of increased carbonate substitution on mechanical loading.
